The purpose of this study was to characterize leaf photosynthetic and stomatal responses of wheat (Triticum aestivum L.) plants grown under two N-nutritional regimes. High-and low-N regimes were imposed on growth-chamber-grown plants by fertilizing with nutrient solutions containing 12 or I millimolar nitrogen, respectively. Gas-exchange measurements indicated not only greater photosynthetic capacity of high-N plants under well-watered conditions, but also a greater sensitivity of CO2 exchange rate and leaf conductance to CO2 and leaf water potential compared to low-N plants. Increased sensitivity of high-N plants was associated with greater tissue elasticity, lower values of leaf osmotic pressure and greater aboveground biomass. These N-nutritional-related changes resulted in greater desiccation (lowered relative water content) of high-N plants as leaf water potential fell, and were implicated as being important in causing greater sensitivity of high-N leaf gas exchange to reductions in water potential. Water use efficiency of leaves, calculated as CO2 exchange rate/transpiration, increased from 9.1 to 13 millimoles per mole and 7.9 to 9.1 millimoles per mole for high-and low-N plants as water became limiting. Stomatal oscillations were commonly observed in the low-N treatment at low leaf water potentials and ambient CO2 concentrations, but disappeared as CO2 was lowered and stomata opened. but was also more responsive to I, resulting in lower g as water became less available (24, 27, 30) . Other work on cotton and tea has indicated an opposite response; decreased stomatal sensitivity to I associated with high N nutrition (15, 17, 19) . Nitrogen nutrition was found to have little effect on stomatal response of Panicum maximum var trichoglume or rice (Oryza sativa L.) to changes in ' (10, 29).
While physiological responses of plants to either water stress or N nutrition have been extensively investigated, the interactions of these two substances on plant response have received relatively little attention. What information is available in the literature on this subject is controversial. In a previous study (12) , gas exchange of wheat (Triticum aestivum L.) plants grown under a high-N nutritional regime was found to be more sensitive to reductions in I2 compared to plants grown under a lowered N nutrition, as indicated by earlier stomatal closure and concomitant decline in CER during a water stress cycle. In the wheat study (12) and others with coffee (Coffea arabica L.), beans (Phaseolus vulgaris L.), and oats (Avena sativa L.), leaf conductance was increased by N nutrition under well-watered conditions, ' Contribution from the United States Department of Agriculture, Agricultural Research Service. 2 Abbreviations: I, leafwater potential; PPFD, photosynthetic photon flux density; CER, CO2 exchange rate; T, transpiration rate; C,, leaf intercellular CO2 concentration; Ca, ambient CO2 concentration; 7r, leaf osmotic pressure; P, leaf turgor pressure; RWC, relative water content; E, volumetric modulus ofelasticity; CERa, CER at Ca = 340 Ml L-'; TNC, total nonstructural carbohydrates; N, nitrogen; WUE, water use efficiency; g, leaf conductance to CO2; r, C02 compensation concentration;
RuBPCase, ribulose 1,5,-biphosphate carboxylase.
but was also more responsive to I, resulting in lower g as water became less available (24, 27, 30) . Other work on cotton and tea has indicated an opposite response; decreased stomatal sensitivity to I associated with high N nutrition (15, 17, 19) . Nitrogen nutrition was found to have little effect on stomatal response of Panicum maximum var trichoglume or rice (Oryza sativa L.) to changes in ' (10, 29) .
Stomatal closure resulting from water stress is apparently linked to ABA metabolism. The release and/or production of ABA in the mesophyll occurs in response to water stress in these cells (21) . ABA then travels to the guard cells where its accumulation results in stomatal closure, and often, increased stomatal sensitization to C, (20) (21) (22) . In the long run, water stress induced reductions in mesophyll photosynthetic capacity may affect stomatal conductance since reduced carbon compounds required for stomatal performance are synthesized in the mesophyll (7, 21) .
The purpose of the present study was to investigate further the effect of N nutrition on stomatal and photosynthetic response to I in wheat leaves in conjunction with investigations on N nutritional effects on internal plant water relations. Stomatal response to I will be assessed in terms of sensitivity of g to.
and Ci. Effects of water stress on mesophyll photosynthetic capacity will be determined from C, response curves of CER. The objective of this analysis is to better understand the physiological nature of increased stomatal sensitivity of wheat gas exchange to water stress related to high N nutrition.
MATERIALS AND METHODS
Plant Material. Caryopses of 'Olaf' spring wheat were planted on February 2, 1984 in 12 pots measuring 8 cm wide by 10 cm deep, containing 50% (by volume) top soil, 25% vermiculite, and 25% perlite. Six pots were placed in each of three high-light intensity growth chambers maintained at 12 h day/night temperature regimes of 20/1 5C. PPFD at plant height was approximately 900 ,umol m-2 s-' during the photoperiod. The chambers were ventilated with outside air to maintain ambient CO2 levels. The seedlings were watered as needed with tap water for 2 weeks, and then alternately with tap water and half strength Hewitt's nutrient solution (8) starting the 3rd week after planting. On February 24, high-and low-N nutrition regimes were imposed on 9 pots each by fertilizing the pots on alternate watering days with full-strength Hewitt's nutrient solution containing 12 and 1 mM NO3 N, respectively. The pots were leached weekly with tap water to prevent solute buildup. High-and low-N pots were thinned to 3 and 5 plants/pot, respectively, in an attempt to minimize pot biomass differences from N nutritional effects on plant growth. After an initial week of gas exchange and plant water relations measurements were performed between March 26 and March 30; water and nutrient solution were withheld from the pots for the remainder of the study. The last watering N NUTRITIONAL EFFECTS ON GAS EXCHANGE AND WATER RELATIONS day for the pots was staggered over a 4-d period, so that each week plant measurements could be performed at similar ' for each N treatment over a 5-d period.
By growing the plants in three separate growth chambers, it was possible to maintain three independent sets of plants with staggered photoperiod starting times. This procedure allowed measurements to be made within the first few hours of the beginning of the photoperiod. Measurements were planned for a specific portion of the photoperiod so that confounding the responses due to time-of-day effects would be minimized. The early part of the photoperiod was selected because it was thought that plant water status between pots within a treatment would be most uniform at that time. All measurements were performed during the tillering stage of development.
Gas Exchange Measurements. The youngest, fully expanded leaves on two adjacent tillers were chosen for measurement. Midsections of the leaves were sealed side-by-side in a waterjacketed cuvette measuring 9.5 cm long by 3.5 cm wide by 1.9 cm deep. Total projected leaf area in the chamber varied from 2.5 to 6 cm2 due to leaf width differences between the N treatments. Pre-mixed, humidified gas entered the cuvette at one end, passed over the leaves, and exited at the other end of the cuvette. Cuvette air was well mixed with a small fan positioned below the leaves. Bottled, reconstituted air containing 432, 223, and 96 Al CO2 L air-' was passed through the cuvette for gas exchange measurements, beginning with the high-CO2 gas, and then stepping down to the 223 and 96 gases, in that order. Approximately 1 h equilibration time was given at each CO2 concentration. Dew point of the air entering the cuvette was maintained between 14 and 16°C by bubbling the gas through a temperature regulated water bath. Flow rate of the gas varied between 0.25 and 0.40 L min-', and was regulated along with incoming dew point to maintain the vapor pressure deficit between the leaf and cuvette air between 5 and 9 mbars. Leaf temperature was monitored by a shaded thermocouple (constructed of 0.17 mm diameter copper-constantan wire) touching the underside of one of the two leaves, and was maintained at 25 ± 1°C. Light from a 1000-W, high-intensity-metal-halide lamp was utilized for gas exchange measurements. The PPFD at the leaf surfaces was maintained at 1,200 ,mol m-2 s-' to ensure light saturation. Water vapor content of the air entering and exiting the cuvette was monitored with two EG&G3 dew-point hygrometers. Air exiting the second hygrometer passed through a desiccant and then through a Beckman 865 gas analyzer for differential analysis of CO2. CER and T were calculated from the gradient of the component gases across the cuvette, the molar flow rates and the leaf area within the cuvette after steady state had been achieved. Volumetric flow rates were determined with Matheson rotometers (model E41077) which had been calibrated with a Brooks Calibrator (model 1055A4A), and were then converted to molar flow rates. In cases where steady state was not achieved due to stomatal oscillations, average CER and T measurements were made from the final 30 min of gas exchange measurements by averaging the high and low readings. Corrections in CER resulting from concentrating CO2 in the air stream from the addition and removal of water vapor were made. Leaf conductance to water vapor and Ci were calculated from equations 3 and 7 of Farquhar and Sharkey (7) . Since the cuvette air was well mixed, ambient CO2 and humidity levels were assumed to be equal to those of exiting cuvette air.
Plant Water Measurements. Pressure-volume curves were performed with a Soil Moisture Equipment Corp. pressure chamber on leaves of all plants sampled for gas exchange measure- 3 Trade or company names are included for the benefit of the reader and do not imply endorsement of the product by the United States Department of Agriculture. ments during the initial week of the experiment when the plants were well watered. A leafsimilar to those used in the gas exchange measurements was selected in each case just before the beginning of the photoperiod. The protocol of Cutler et al. (4) was utilized for determining I, 7r, P, and RWC. Volumetric modulus of elasticity (e) was calculated in the positive turgor region at P > 0.2 MPa according to Melkonian et al. (1 1). Leafwater potentials were determined during the water-withholding period from representative, midsections of leaves inserted into J. R. D. Merrill chamber psychrometers (model 83-13) using standard psychrometric technique. Two to 3 h were required for equilibration. Two leaves were collected at the same time as the psychrometer samples for RWC determinations. The leaves for RWC were weighed immediately, cut into several sections and then weighed again (for turgid weight) after floating on water in a closed beaker for 24 h. A final dry weight was determined after the leaf sections had dried at 70°C to constant weight.
Leaf RWC was calculated as (live weight -dry weight)/(turgid weight -dry weight). After I had been determined, the tissue within the psychrometers was frozen in liquid N2, and 7r of the intact, frozen leaf tissue was estimated 4 h later. Much of the data will be presented as the mean weekly treatment responses. Week 1 refers to the week of March (Table I) . Although plant density was less in high-N pots, they contained about twice the aboveground biomass compared to low-N pots. By the end of week 4, lower I in high-N plants were probably the result of greater soil water depletion in those pots from the greater transpirational surface area. Although no consistent treatment effect was observed for I, each week 7r was consistently negatively associated with N nutritional regime.
During week 1, when water relations were investigated with pressure-volume curves, 7r of low-N plants was 0.23 MPa higher than high-N plants. Psychrometric measurements in weeks 3 and 4 indicated 7r increased in both treatments in response to water withholding. Consistently greater 7r values were observed for plants grown under low-N nutrition, resulting in greater apparent turgor maintenance (Fig. 1) . The difference between the data curves and the one-to-one correspondence line in Figure 1 represent estimates of P, assuming the following simple model of = P -7r.
No attempt was made to correct the psychrometrically obtained measurements of r for apoplastic dilation of the symplast (1). The modulus of elasticity of leaf tissue, determined at P > 0.2 MPa in week 1, was also influenced by N-nutritional status, with a higher value occurring in low-N leaves (Table I) . One consequence of a higher e (lower elasticity) is that less plant water is lost at turgidity as I is lowered. This phenomenon was observed over the 4 week period of the experiment. Relative (Fig. 3) . The initial slope of the C, response curve of CER was less for plants grown under low-N nutrition in weeks 1 and 3 (Table II) the high-N plants, with no apparent change being noted for low-N plants. Extrapolating the C1 response curves of CER to the abscissa provided estimates of r, which were 62 ul L' for both treatments under well-watered conditions (Table II) Fig. 1 ).
Estimates of T at CERa, required for calculation of WUE, were obtained from Figures similar to those given in Figure 1 depicting the relationship between T and Ci. Ag/AQC was calculated for the two highest C1 concentrations for each curve in Figure I since those concentrations bounded Ci at which Ca = 340 ul L-'. The initial slope of the C, response curve of CER was calculated from the two lowest C1 concentrations in Figure 1 , with F being estimated as the X intercept. Table II ).
Lowering C1 always resulted in greater g (Fig. 3) , a response attributable to the negative feedback loop of stomata involving C1. Although similar treatment responses ofg to C1 were observed under well-watered conditions (Fig. 3a) , high-N nutrition resulted in leaves in which changes in stomatal aperture and sensitivity to Ci became more pronounced as fell (Fig., 3, B declining I, although greater sensitivity was demonstrated for high-N plants. Since changes in CER associated with declining I were conservative relative to changes in g, water use efficiency increased from 9.1 to 12 to 13 and 7.9 to 9.1 mmol mol' for high-and low-N plants as water became limiting.
An unexpected but interesting observation in this study involved the occurrence of stomatal oscillations. While the occurrence of oscillations is certainly not a unique phenomenon, the pattern of their occurrence and their interaction with CO2 levels in this study were unique. A typical example is shown in Figure  4 as a time course of changes in g under three average levels of Ca. The same pattern of oscillations was observed in CER. The data come from a plant grown under low-N nutrition and experiencing a moderately low I. The oscillations were always most pronounced at the highest CO2 concentration, in this case (Fig. 4) Fig. 4 ), or about half of the time, the average value of g increased, but the oscillations continued, although with a much reduced amplitude (broken line, Fig. 4) . In all cases, a further reduction in Ca to approximately 100 to 120 ,ul L-' resulted in more stomatal opening, and a complete elimination of the oscillations. The oscillations were, with one exception, confined to the plants grown under low-N nutrition (Table III) measured in low-N plants (12, 16) and also in drought tolerant species (25) is probably, in part, a reflection of a change in cell wall thickness or rigidity; such tissue should theoretically lose less water as I decreases than plants with thinner, more elastic cell walls. In this study ( Fig. 2 ; Table I ) and another (16), relative water content of N-deficient leaves have, in fact, been shown to be less affected by decreases in I compared to leaves grown under a relatively high-N regime. Increases in e from lowered-N nutrition also indicate greater tissue rigidity, and thus, greater water retention (Table I ). The increase in e from 23 MPa in wellwatered, high-N plants to 31 MPa in well-watered, low-N plants in this study is similar to changes brought about in e of wheat from exposure to water stress (1 1). In the latter case, e increased from 22 MPa in well-watered wheat leaves to 28 MPa after two water stress cycles, and to 40 MPa after a third water stress cycle. The advantage to plants in having a high E in water limited environments is uncertain since that condition alone would result in considerable turgor loss with small decreases in RWC. Drought-conditioned wheat leaves are apparently capable of maintaining a high RWC by increasing 7r along with e (11). Higher 7r reported for well-watered low-N wheat leaves in this study (week 1, Table I ) and for well-watered or predawn cotton leaves in other work (16, 19) would suggest that low N nutrition may sometimes result in a similar response, although Yambao and O'Toole (29) reported greater 7r for high N rice leaves. In grasses, N nutrition has been shown to be negatively associated with TNC content of plant tissue (26, 28) . The accumulation of TNC in N-deficient grasses is in large part due to the greater sensitivity of expansive growth to N nutrition relative to photosynthesis (26) . Although growth analysis was not conducted in the present study, expansive growth was substantially greater for high-N plants under well-watered conditions, based on visual observations. It follows that some of the N-nutritional effects on wr presented here may be ascribed to direct effects of N nutrition on carbohydrate metabolism.
While the 0.23 MPa increase in 7r exhibited by well-watered low-N plants may be advantageous in maintaining turgor at incipient water stress, continued turgor maintenance at lower I will depend on a plant's ability to adjust osmotically. Although an accurate assessment of the magnitude of that adjustment process is not possible in the present study because of the use of psychrometers at lower I and the consequent problem of apoplastic dilution of the symplast (1), it appears that, based on a relative comparison, turgor maintained from raising 7r was N NUTRITIONAL EFFECTS ON GAS EXCHANGE AND WATER RELATIONS greater in leaves of the low N plants (Fig. 1) . Since 7r was measured during the first 3 h of the photoperiod, the values represent long-term adjustment capability. Diurnal cycling of 7r, which can be important for midday turgor maintenance (19), was not assessed in this study.
CERa and g of low-N plants were less affected by decreases in I compared to the high-N plants. This fact may be partly due to the N-nutritional-related changes in leaf anatomy and e which influenced the relationships between I and RWC (Fig. 1) . Shimshi et al. (25) found that the superior ability of Triticum katschyi to photosynthesize and maintain stomatal aperture over less drought tolerant Triticum species at lowered I was also related to the former's capacity to maintain high. RWC at lowered I. They suggested that xeromorphic anatomical adaptations in the former may have been important in that response. Greater cell wall rigidity reduces the mechanical collapse of cells as I is lowered, and mitigates changes in RWC (25) . When (14) , or indirectly as an energy source for obtaining osmotica. This apparent superior capability to raise 7r in the low N plants is puzzling since one might suspect that the greater photosynthetic capacity high N nutrition affords would directly relate to the ability to adjust osmotically. In a greenhouse study, 7r of low N cotton leaves were also consistently greater than those observed in high N plants (16) , although other work has indicated that osmotic adjustment capability was correlated with high N nutrition (19, 29 (18) , and to a less extensive root system. While increasing N-nutrition usually increases the shoot-root ratio, root growth is still usually stimulated relative to a lower N regime (15, 23) . Furthermore, since all pots were watered to saturation on the same watering days prior to the stress cycle, and more water should have been removed from the high-N pots in the intervals between watering days because of their greater leafarea, 02 content in the root zone may have been higher, on the average for the high-N treatment, and more favorable for root growth and exploration. As stress progressed, however, the greater leaf area of the high-N pots eventually resulted in a rapid decline in I from -0.8 to -2.3 MPa over a 12-d period in weeks 3 and 4 (Table I ), compared to a modest decline in I from -1.4 to -1.8
MPa in the low-N treatment over the same period. This apparently slower decline in I for the low-N treatment in the latter half of the measurement period may have been a major factor in contributing to their ability to achieve higher X than the high-N treatment since it provided greater time to adjust osmotically. Finally (Fig.  3A) , and probably reflect the positive effect N nutrition has on RuBP-case activity (6) . The initial effect of water stress on CER is a reduction in C02-saturated photosynthesis (7) (2) . It is also possible that the correlation of oscillatory stomatal behavior with low N nutrition may involve ABA metabolism. ABA has also been associated with increased E and decreased root hydraulic conductance (5) , and has been shown to accumulate in N deficient plant tissue (17) . The similarity between oscillations produced by low N content (Fig. 4) and ABA application also supports the speculation of ABA involvement. In Xanthium strumaruim L., ABA-induced stomatal oscillations also became more pronounced at high Ca (20) . Similar ABA-induced oscillations have been reported for wheat (5) . If (20, 21) , although more recent work indicates this enhanced sensitivity is not always seen (22) . Furthermore, stomatal response is probably not uniquely related to leaf ABA content because of uncertainties about its compartmentation in the leaf (21) .
In summary, apparent greater drought tolerance of low N wheat plants in this study was related to changes in internal water relations traits which resulted in greater water retention at lowered I. The structural change which resulted in greater e in low N plants appears to be a general one occurring in N deficient plants. The 
